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ABSTRACT
Mitochondrial transcription factor A (TFAM) is essen-
tial for the maintenance, expression and transmis-
sion of mitochondrial DNA (mtDNA). However, mech-
anisms for the post-translational regulation of TFAM
are poorly understood. Here, we show that TFAM is
lysine acetylated within its high-mobility-group box
1, a domain that can also be serine phosphorylated.
Using bulk and single-molecule methods, we demon-
strate that site-specific phosphoserine and acetyl-
lysine mimics of human TFAM regulate its interaction
with non-specific DNA through distinct kinetic path-
ways. We show that higher protein concentrations
of both TFAM mimics are required to compact DNA
to a similar extent as the wild-type. Compaction is
thought to be crucial for regulating mtDNA segrega-
tion and expression. Moreover, we reveal that the re-
duced DNA binding affinity of the acetyl-lysine mimic
arises from a lower on-rate, whereas the phosphoser-
ine mimic displays both a decreased on-rate and an
increased off-rate. Strikingly, the increased off-rate
of the phosphoserine mimic is coupled to a signifi-
cantly faster diffusion of TFAM on DNA. These find-
ings indicate that acetylation and phosphorylation
of TFAM can fine-tune TFAM–DNA binding affinity,
to permit the discrete regulation of mtDNA dynam-
ics. Furthermore, our results suggest that phospho-
rylation could additionally regulate transcription by
altering the ability of TFAM to locate promoter sites.
INTRODUCTION
The mitochondrial genome is compacted into nucleopro-
tein complexes known as mitochondrial nucleoids (1–3), of
which mitochondrial transcription factor A (TFAM or mt-
TFA) is the most abundant protein (4,5). TFAM belongs
to the high-mobility-group (HMG) box family of DNA
binding proteins (6,7), and consists of two HMG box do-
mains (HMG1 and HMG2) separated by a linker, coupled
to a C-terminal tail via HMG2 (Figure 1). TFAM is es-
sential for initiating transcription of mitochondrial DNA
(mtDNA) by specifically recognizing the light-strand and
heavy-strand promoters of the mitochondrial genome (8–
12). TFAM tethers the N-terminal region of mitochondrial
RNA polymerase (mtRNAP), resulting in the bending of
promoter DNA around mtRNAP (13). The subsequent re-
cruitment of TFB2M induces promoter melting required
for transcription initiation (12–16). TFAMmonomers have
been shown to diffuse rapidly along non-specific DNA se-
quences via a 1D sliding mechanism (17). This represents
one likely route by which TFAM locates the promoters of
mtDNA to initiate transcription (17,18).
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Figure 1. Acetylation and phosphorylation of TFAM within HMG1. (A)
Location of post-translationally modified lysine and serine residues in
the X-ray structure of TFAM (PDB ID 4NNU) (31) bound to sequence
non-specific DNA (gray). Phosphorylation of serine residues S55 and S56
(green) (35) and acetylation of lysine residues K62, K76, K111 and K118
(yellow) were identified by LC–MS/MS in TFAM purified from HEK293
cells (Supplementary Figure S1). (B) Schematic representation of TFAM
acetyl-lysine mimic, TFAMK4Q4. (C) Schematic representation of TFAM
phosphoserine mimic, TFAMSSDD.
In addition, studies have shown that TFAM can coat
mtDNA extensively through non-specific DNA inter-
actions (17,19), thereby facilitating the compaction of
mtDNA into mitochondrial nucleoids (2,20–22), which is
required for segregation in dividing cells (23). Such com-
paction has also been suggested to inhibit replication and
transcription of the mitochondrial genome (24–26). The
mechanisms by which TFAM mediates DNA compaction
are still under debate (17,22,26–32). X-ray crystallographic
studies demonstrate that human TFAM imposes a 180◦ U-
turn on both sequence-specific and sequence non-specific
DNA (27,29,31). Fluorescence resonance energy transfer
data is further consistent with TFAM compacting non-
specificDNA sequences through bending of theDNAback-
bone (28). However, other mechanisms have also been pro-
posed. For instance, using combined optical tweezers and
fluorescence microscopy, it has been shown that human
TFAM can bind cooperatively to non-specific DNA se-
quences to form stable protein patches that increase the
flexibility of the DNA. This enhanced flexibility is likely to
arise through local base-pair melting of DNA induced by
the binding of TFAM (the so-called flexible-hinge mecha-
nism) and provides an effective means to compact mtDNA
(17).Meanwhile, data from atomic force microscopy, super-
resolution imaging and electron microscopy suggest that
TFAM-mediated looping and cross-linking ofDNAcan ad-
ditionally play a role in the compaction of non-specific se-
quences of mtDNA (22,32).
Little is known about post-translational mechanisms for
regulating TFAM function. TFAM is modified by O-linked
glycosylation (33), acetylation (34) and phosphorylation
(35,36), but the specific sites of these modifications and
their respective downstream consequences are only begin-
ning to emerge. Our previous work demonstrated that hu-
man TFAM is phosphorylated at serines S55 and/or S56
within its HMG1 domain by cAMP-dependent protein ki-
nase (PKA) in cultured cells (35). Phosphorylated TFAM,
as well as a phosphoserine mimic at serines 55/56, im-
pairs DNA binding, abrogates transcriptional activation
and leads to rapid degradation by the Lon protease within
mitochondria (35). TFAM has also been shown to be phos-
phorylated at serine S177 within HMG2 by ERK1/2 (36).
A phosphoserine mimic of TFAM at serine S177 decreases
DNA binding, down-regulating mitochondrial transcrip-
tion and mitochondrial respiration in cells (36). However,
the mechanisms underlying impaired DNA binding remain
unclear; specifically, does phosphorylation decrease DNA-
association, or increase DNA-release? Moreover, the influ-
ence of phosphorylation, as well as other post-translational
modifications, on the ability of TFAM to both compact and
slide on DNA is unknown.
Here we identify that human TFAM is acetylated at
lysines 62, 76, 111 and 118 within HMG1 in cultured cells.
Using a combination of bulk and single-molecule meth-
ods we then unravel how relevant acetyl-lysine and phos-
phoserine mimics of human TFAM influence its ability
to bind, compact and diffuse on non-specific DNA se-
quences. We show that these mimics are able to compact
non-specific DNA sequences via the flexible-hinge mech-
anism, similar to unmodified wild-type TFAM. However,
in each case, a higher protein concentration is required to
achieve this, reflecting a reduced binding affinity for double-
stranded DNA (dsDNA). Furthermore, we demonstrate
important distinctions between the two mimics; strikingly,
the phosphoserine mimic slides on dsDNA faster, and dis-
sociates more rapidly, than either the acetyl-lysine mimic
or wild-type TFAM. Taken together, these findings indicate
mechanistic pathways by which post-translational modifi-
cations could regulate both compaction and transcription
of mtDNA in vivo.
MATERIALS AND METHODS
Identification of HMG1 acetylation sites within TFAM puri-
fied from HEK293 cells
TFAM carrying a carboxyl-terminal hexahistidine tag was
transiently overexpressed in HEK293 cells and purified as
described previously (35). Briefly, the isolated protein sam-
ples were separated by SDS-PAGE and the TFAM band
was excised for in-gel trypsin digestion. Peptides were en-
riched by titanium dioxide tip (GL Sciences Inc.) and eluted
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Figure 2. TFAMK4Q4 and TFAMSSDD exhibit a reduced binding affin-
ity for non-specific DNA compared with TFAMWT. (A) Data from MST
experiments, showing the normalized fluorescence (Fnorm) resulting from
titrating sequence non-specific Cy5-labeled DNA (20 nM) with TFAMWT,
TFAMSSDD and TFAMK4Q4, respectively. In each case, three independent
experiments were performed and the data were fitted using Eq. S2. (B)
Equilibrium binding constant,Ka, determined from the fits in panel (A) for
TFAMWT, TFAMSSDD and TFAMK4Q4. Measurements were performed
using an 18 bp oligomer with a 13 nucleotide single-stranded overhang, at
room temperature and in a buffer of 25 mMHEPES pH 7.8 with 100 mM
NaCl and 0.2% pluronics. Errors are standard errors of the mean (S.E.M.).
with 5% NH4OH followed by C18 ZipTip desalting. The re-
sulting peptides were analyzed by LC–MS/MS on an Ul-
timate 3000 LC system coupled with an Orbitrap Velos
tandem MS instrument in the positive ion mode with a
spray voltage of 2 kV and a capillary temperature of 275◦C.
Collision-induced dissociation was used for peptide frag-
mentation (Supplementary Figure S1).
Protein purification
PCR-based site-directed mutagenesis (QuikChange II,
Stratagene) was employed to engineer the cDNAs encoding
TFAMWT, TFAMSSDD and TFAMK4Q4, which all lacked
their respective amino terminal mitochondrial targeting se-
quences and had a hexahistidine tag fused to their carboxyl-
termini. TFAM variants were expressed from pET-22b (+)
in the Escherichia coli strain Rosetta DE3 (EMD Milli-
pore). Proteins were purified by column chromatography
using Ni2+ agarose as well as ion exchange chromatogra-
phy (35). Protein purity was analyzed by Coomassie Blue
staining and immunoblotting with antibodies recognizing
recombinant TFAM (Supplementary Figure S2).
Microscale thermophoresis (MST)
Experiments were performed using a Monolith NT0.115
instrument (NanoTemper Technologies) at 80% MST and
LED power at 23◦C. Thermophoresis was induced in a
sample mixture containing Cy5-labeled DNA (20 nM) and
varying concentrations of TFAM in a buffer of either (i)
25 mM HEPES pH 7.8, 100 mM NaCl and 0.2% pluron-
ics (Figure 2), or (ii) 25 mMTris–HCl pH 7.6, 20 mMNaCl
and 0.1% pluronics (Supplementary Figure S3). The DNA
consisted of a non-specific sequence forming an 18 bp du-
plex with a 13 nucleotide single-stranded overhang. Ratios
of the fluorescence intensity associated with Cy5-DNA be-
fore and after thermophoresis (Fnorm) were calculated and
averaged from 3 independent experiments as a function of
TFAM concentration. The fraction of DNA–TFAM com-
plexes, represented by the change in Fnorm, was fit to a
quadratic equation to determine the equilibrium binding
constant (Supplementary Methods, Eq. S1 and S2) (37).
Preparation of alexa-555-labeled TFAM
To obtain fluorescent TFAMWT, TFAMSSDD and
TFAMK4Q4, cysteine residues of each protein were la-
beled with maleimide alexa-555 (Molecular Probes). To
this end, purified samples of TFAMWT, TFAMSSDD and
TFAMK4Q4 (in a buffer of 50 mMHEPES pH 7.5, 300 mM
NaCl, 10 mM MgCl2 and 20% glycerol) were each incu-
bated in excess dye (10-fold) for 2 h at 19◦C. Unreacted
dye was removed from the samples with size-exclusion
spin-columns (Sephadex G-25, GE Healthcare). The
labeling ratio (one fluorophore per TFAM monomer) was
determined by analysis of the coefficient of absorption for
tryptophan (associated with the protein) and that of the
alexa dye in each sample.
Single-molecule assays
Single-molecule experiments were performed on a custom-
made inverted microscope that combines wide-field fluores-
cencemicroscopywith dual-trap optical tweezers, described
in detail previously (38,39). Biotinylated -DNA (∼48.5 kb,
Roche) was tethered between two streptavidin-coated mi-
crospheres (diameter 4.5 m, Spherotech Inc) in situ within
a multichannel laminar flow-cell mounted on an automated
XY-stage (39). Fluorescence from alexa-555-labeled TFAM
was imaged on an EMCCD camera following excitation
with a 532 nm excitation laser. All single-molecule exper-
iments were performed at room temperature. Note that we
employed conditions that were similar to those used in pre-
vious single-molecule studies of TFAMWT, namely with a
buffer of 10 mMTris–HCl pH 7.6 with 25 mMNaCl. In ad-
dition to aiding comparison with previous work (17), stud-
ies have shown that the concentration of sodium ions in mi-
tochondria, [Na+]mito, can be significantly lower than 150
mM. For example, in MDCK cells, the baseline [Na+]mito is
∼50 mM as determined using the sodium-sensitive fluores-
cent probe CoroNa Red (40), which is preferentially taken
up by polarized mitochondria. In astrocytes, the baseline
[Na+]mito is∼12–20 mM, as measured by CoroNa Red (41).
Thus, our experimental conditions are within this range.
McGhee von Hippel analysis of DNA–TFAM binding
Force–extension curves of -DNA in the presence of TFAM
were fit to the extensible worm-like chain (eWLC) model,
for forces up to 30 pN, from which the persistence length
(Lp) was extracted (42). The fractional protein coverage of
the DNA (v) was then determined from the measured Lp,
using the relation given by Farge et al. (17). By fitting the
change in v as a function of TFAM concentration to the
McGhee von Hippel model for cooperative binding (43,44)
(Supplementary Methods, Eq. S3–S6), the binding affinity
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and cooperativity for TFAM–DNA interactions were ex-
tracted.
Determination of TFAM–DNA disassembly rates
Individual -DNA molecules were incubated in a relaxed
configuration (<0.5 pN, with an end-to-end length ∼4 m)
in the presence of alexa-555-TFAM for 5 min. The concen-
tration of fluorescently-labeled TFAMWT, TFAMSSDD and
TFAMK4Q4, respectively, was sufficiently high so as to in-
duce complete coating of the DNA (>80–100 nM). After
incubation, the TFAM-bound dsDNAmolecule was trans-
ferred rapidly to a protein-free buffer channel where it was
held at a constant tension of 5 pN and visualized by strobo-
scopic illumination with a 532 nm excitation laser (Supple-
mentary Methods, Eq. S7 and S8).
Determination of TFAM diffusion coefficient
-DNA molecules were incubated in a low concentration
of alexa-555-labeled TFAM (<30 nM) such that only a few
protein monomers were bound. The DNA molecules were
then moved to a protein-free buffer channel where the dis-
placement of each monomer on the DNA was measured
over time by recording fluorescence movies with a short
(0.5 s) frame rate. The corresponding kymographswere ana-
lyzed with a custom-writtenMATLAB-based program that
tracked the position of each alexa-555-TFAMmonomer as
a function of time. Only traces spanning longer than 10 s
andwhich did not cross another were considered. The diffu-
sion constant (D) was determined fromMSDplots (MSD=
2Dt + offset) for all trajectories measured (Supplementary
Methods).
RESULTS
Acetyl-lysine and phosphoserine mimics have lower affinities
than wild-type TFAM for non-specific DNA
Four acetylated lysine residues were identified by LC–
MS/MSwith high confidence interval, using humanTFAM
that was expressed recombinantly in HEK293 cells and pu-
rified as previously described (35) (Supplementary Figure
S1). The acetylated residues were located at positions K62,
K76, K111 and K118 within the HMG1 domain. Using
the X-ray structure of TFAM bound to a sequence non-
specific dsDNA oligonucleotide (31), our analysis shows
thatK62 andK76 directly contactDNA,whereasK111 and
K118 do not (Figure 1A). K62 and K76 are in close prox-
imity to serine residues S55 and S56 (also located within
HMG1), which we have previously shown are phosphory-
lated by PKA in mitochondria (35). In the X-ray struc-
ture of TFAM, S55 interacts with DNA through a water
molecule, whereas S56 contacts a deoxyribose in the DNA
backbone (31). It is possible that acetylation of K62, K76,
K111 and K118 occurs concomitantly in the cell. As the
data were acquired using a bottom-up proteomic approach,
inwhich the proteinwas trypsin-digested into peptides prior
to LC–MS/MS analysis, we were not able to determine
whether individual TFAM proteins contain all four acety-
lated sites, or a mixture of acetylation isoforms with single
acetyl-lysine modifications.
To distinguish the effects of site-specific acetylation and
phosphorylation of TFAM on sequence non-specific DNA
binding, we produced recombinant TFAM variants with
amino acid substitutions mimicking these PTMs (Materials
andMethods). For the acetyl-lysinemimic (TFAMK4Q4), all
four lysine residues K62, K76, K111 and K118 in HMG1
were replaced with glutamine, thus mimicking the effect of
acetylation, which neutralizes positively charged side chains
(Figure 1B and Materials and Methods). The phosphoser-
ine mimic (TFAMSSDD) was engineered by replacing S55
and S56 with aspartic acid residues, as previously described
(35), thereby mimicking the negative charge of phosphate
modification (Figure 1C). In order to determine the relative
DNA binding affinities of TFAMSSDD, TFAMK4Q4 and un-
modified wild-type TFAM (TFAMWT), we first employed
microscale thermophoresis (MST). In these experiments, we
used a sequence non-specific DNA substrate (consisting of
an 18 bp oligomerwith a 13 nucleotide single-stranded over-
hang) in a buffer of 25 mM HEPES pH 7.8 with 100 mM
NaCl. In this way, we determined the following trend in
equilibrium binding constant, Ka: TFAMWT (Ka = 23.2 ±
5.1 × 106 M−1) > TFAMK4Q4 (Ka = 7.6 ± 1.0 × 106 M−1)
> TFAMSSDD (Ka = 2.7± 0.5× 106 M−1). This is shown in
Figure 2 and Table 1. Note that the trend in binding affinity
between the three TFAMspecies shows little dependence on
ionic strength (Supplementary Figure S3 and Table S1).
TFAMWT, TFAMSSDD and TFAMK4Q4 can compact DNA
comparably given sufficient protein concentration
We have shown previously that TFAMWT binds to non-
specific dsDNA sequences cooperatively and compacts the
DNAmolecule by increasing its flexibility (reflected in a de-
crease in the DNA’s persistence length, Lp, from ∼50 to ∼4
nm) (17). To investigate whether TFAMSSDD or TFAMK4Q4
can alter this mechanism of DNA organization compared
to TFAMWT, we used optical tweezers to measure the
force-extension behavior of individual dsDNA molecules
(-phage; ∼48.5 kb) as a function of TFAM concentration.
Sample force-distance (FD) curves, obtained under equi-
librium conditions (Supplementary Figure S4), are high-
lighted in Figure 3A, with data recorded in a buffer of 10
mM Tris–HCl pH 7.6 with 25 mM NaCl. Note that the
buffer conditions used here were chosen so as to provide a
direct comparison with previous single-molecule studies of
TFAMWT (17). Each measured FD curve was fit to the ex-
tensible worm-like chain (eWLC) model (Figure 3A inset),
which describes the force-extension properties of dsDNA
using three parameters: Lp, Lc (the contour length) and S
(the stretchmodulus). In this way, we extractedLp as a func-
tion of protein concentration for TFAMWT, TFAMSSDD
and TFAMK4Q4, respectively. The corresponding results are
displayed in Figure 3B (solid points). From these data, a rel-
atively steep decrease in Lp from ∼45 nm to ∼5 nm occurs
as a function of both TFAMSSDD and TFAMK4Q4 concen-
tration, analogous to that observed for TFAMWT here and
reported previously (17). We thus conclude that, provided
a sufficient protein concentration is present, TFAMWT,
TFAMSSDD and TFAMK4Q4 can increase the flexibility of
DNA to a comparable extent. Additionally, we resolve that
TFAMSSDD and TFAMK4Q4 can each induce a similarly
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Table 1. Summary of parameters describing the interaction of TFAMWT, TFAMSSDD and TFAMK4Q4 with non-specific dsDNA. All values were derived
using single-molecule methods (in a buffer of 10 mMTris–HCl pH 7.6 with 25 mMNaCl, as presented in Figures 3–5), except the final two columns, which
report Ka and Kd obtained using MST (in a buffer of 25 mMHEPES pH 7.8 with 100 mMNaCl and 0.2% pluronics, as presented in Figure 2). All errors
are S.E.M.
TFAM variant Ka (105 M−1) Kd (10−7 M) koff (10−3 s−1) kon (102 M−1s−1) D (104 nm2s−1) ω Ka (MST) (106 M−1) Kd (MST) (10−8 M)
TFAMWT 16.3 ± 2.6 6.1 ± 1.0 3.0 ± 1.0 48.7 ± 17.8 10.1 ± 1.6 99 ± 9 23.2 ± 5.1 4.3 ± 0.9
TFAMSSDD 2.3 ± 0.2 43.7 ± 4.6 5.9 ± 1.4 13.6 ± 3.6 65.1 ± 15.5 76 ± 7 2.7 ± 0.5 36.5 ± 7.1
TFAMK4Q4 1.7 ± 0.7 58.2 ± 24.1 2.9 ± 1.0 5.0 ± 2.6 15.1 ± 2.6 125 ± 46 7.6 ± 1.0 13.1 ± 1.7
Figure 3. TFAMWT, TFAMSSDD and TFAMK4Q4 can compact DNA
comparably given sufficient protein concentration. (A) Sample FD curves
for dsDNA in the absence of TFAM protein (black) and in the presence
of 50 nM TFAMWT (gray), TFAMSSDD (red) and TFAMK4Q4 (blue), re-
spectively. The inset shows an example FD curve (black, solid line) which
is fitted (orange, dashed line) to the eWLC model. (B) Lp values (deter-
mined from eWLC fits to FD curves) for dsDNA as a function of increas-
ing TFAM concentration. Gray, red and blue data points represent mea-
sured data for TFAMWT, TFAMSSDD and TFAMK4Q4, respectively. The
solid lines correspond to McGhee von Hippel fits to the measured Lp val-
ues for each TFAM variant. (C) Equilibrium binding constant Ka for all
three TFAM variants, determined from the fits in panel (B). (D) Cooper-
ativity factor ω for all three TFAM variants, determined from the fits in
panel (B). All data were obtained at room temperature and in a buffer of
10 mM Tris–HCl pH 7.6 with 25 mM NaCl. Errors are S.E.M.
small increase in Lc as observed for TFAMWT, while the
stretch modulus of DNA is unaffected by all three TFAM
variants. Together, these results demonstrate that the phos-
phoserine and acetyl-lysine mimics can each compact se-
quence non-specific DNA through the flexible-hinge mech-
anism.
Strikingly, however, a significantly higher concentration
of either TFAMSSDD or TFAMK4Q4, relative to TFAMWT,
is required to impose the observed maximum change in Lp
(Figure 3B). Further, the sharp decrease in Lp as a func-
tion of protein concentration, in the case of all three TFAM
variants, indicates that TFAMbinds to dsDNA in a cooper-
ative manner. Both the affinity and cooperativity of TFAM
binding toDNAcan be quantified by fitting the protein con-
centration dependence of Lp with the McGhee von Hippel
model (Figure 3B, solid lines). In this model (Eq. S6), the
binding of a protein to DNA is characterized by an equilib-
rium binding constant Ka (in M−1), a cooperativity factor
ω and a footprint n. Using the footprint for TFAMWT on
DNA as a fixed parameter (30 bp, as determined previously
(17)), we freely fitKa andω for TFAMSSDD and TFAMK4Q4,
as well as for TFAMWT. In the case of the phosphoserine
and acetyl-lysine mimics, these fits indicate that Ka is ∼7–
10 times lower than that of TFAMWT, while the binding co-
operativity (ω) is similar to that of TFAMWT (∼100). These
results are summarized in Figure 3C/D and Table 1. Note
that the values of Ka and ω do not change significantly if a
footprint of 22 bp, as has been suggested from crystallogra-
phy studies (27,31), is used (Supplementary Table S2).
TFAMSSDD and TFAMK4Q4 show contrasting DNA on- and
off-rates
The significant decrease in equilibrium DNA binding con-
stant for both TFAMSSDD and TFAMK4Q4 compared with
TFAMWT reflects changes in the on-rate (kon) and/or off-
rate (koff) of the protein. To unravel the mechanisms un-
derlying the reduced binding affinity of the phosphoser-
ine and acetyl-lysine mimics, we quantified the off-rate for
each TFAM species bymeans of combined optical tweezers,
fluorescence microscopy and microfluidics. In these exper-
iments, we incubated single dsDNA molecules in sufficient
TFAM concentration so as to fully coat the DNA. Here,
each TFAM variant was pre-labeled with an alexa-555 fluo-
rescent dye in a 1:1 ratio. Once fully-coated with alexa-555-
TFAM, we quickly transferred the DNA molecule into a
microfluidic channel containing protein-free buffer and vi-
sualized the decrease in fluorescence intensity at a fixed (5
pN) force (Figure 4A). The decay in fluorescence intensity
occurs due to unbinding of the fluorescently-labeled pro-
tein from the DNA and, to some extent, from bleaching
of the dye. A sample fluorescence intensity decay curve for
TFAMWT is shown in Figure 4B. Correcting for the bleach-
ing (Supplementary Figure S6 and Eq. S8) yields the value
of koff for TFAM–DNA complexes under the given buffer
conditions.
It was reported previously that the unbinding of
TFAMWT from DNA follows a mono-exponential decay,
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Figure 4. TFAMSSDD dissociates from non-specific DNA faster than
TFAMK4Q4 or TFAMWT. (A) Selected frames from a wide-field fluores-
cence movie recording the unbinding of alexa-555-labeled TFAMWT from
dsDNA tethered between optically-trapped beads. The buffer contained no
free TFAM. (B) Corresponding decay in fluorescence intensity for alexa-
555-TFAMWT bound to a single dsDNA molecule in protein-free buffer.
Fits to a bi-exponential and mono-exponential function (Supplementary
Figure S5) are shown with solid and dashed green lines, respectively. (C)
Histogram displaying the off-rates for TFAMWT (gray), TFAMSSDD (red)
and TFAMK4Q4 (blue) extracted from mono-exponential fits to fluores-
cence intensity decay curves (Supplementary Methods). For reference,
these data are compared with the value for TFAMWT reported previously
by Farge et al. (17), also obtained using a mono-exponential fit (purple).
(D) Histogram comparing the on-rates for TFAMWT (gray), TFAMSSDD
(red) and TFAMK4Q4 (blue), calculated using the values for Ka and koff
determined from Figures 3C and 4C, respectively. All data were obtained
at room temperature and in a buffer of 10 mM Tris–HCl pH 7.6 with 25
mM NaCl. Errors are S.E.M.
from which a decay time of ∼300 s can be extracted (17).
This is recapitulated here in Figure 4C. Interestingly, our
current analysis indicates that the unbinding of TFAMfrom
DNA often deviates slightly from a pure mono-exponential
decay and, in such cases, can be slightly better modeled
as a bi-exponential decay (Figure 4B). This suggests that
the DNA–TFAM disassembly process involves more than
one unbinding mode (see Discussion for more details).
More importantly in the current context, however, is the
comparison of the overall off-rates for the three TFAM
species. We found that the use of a bi-exponential function
to quantify the fluorescence decay curves was highly sen-
sitive to small variations in the experimental noise, mak-
ing it difficult to provide a meaningful comparison be-
tween TFAMWT, TFAMSSDD and TFAMK4Q4 (Supplemen-
tary Methods). However, we note that a mono-exponential
function remains a good approximation for the majority
of the measured data, and also allows us to robustly com-
pare the unbinding kinetics of TFAMWT, TFAMSSDD and
Figure 5. TFAMSSDD diffuses on non-specific DNA significantly faster
than TFAMWT andTFAMK4Q4. (A) Upper panel displays a selected frame
from a fluorescence movie of alexa-555-labeled TFAMWT on dsDNA.
Lower panel presents the corresponding kymograph, showing the diffusion
of alexa-555-TFAMWT on dsDNA over time. (B) Histogram displaying
the measured diffusion constants for TFAMWT (gray,N= 8), TFAMSSDD
(red,N= 13) and TFAMK4Q4 (blue,N= 19) on dsDNA, determined from
analysis of recorded kymographs for each protein variant. Data were ob-
tained at room temperature and in a buffer of 10 mM Tris–HCl pH 7.6
with 25 mM NaCl. All errors are S.E.M.
TFAMK4Q4 to one another and directly to previous single-
molecule analyses of TFAMWT (17). The results of this
comparison, presented in Figure 4C, show that koff for
TFAMSSDD is∼2-fold higher than for both TFAMK4Q4 and
TFAMWT (which exhibit an off-rate of ∼3 × 10−3 s−1).
Since Ka = kon/koff, we can also calculate the on-rate for
each TFAM variant, as highlighted in Figure 4D. In this
way, we conclude that the decrease in Ka for TFAMK4Q4
(identified in Figure 3C) is primarily due to the reduction
in kon, while in the case of TFAMSSDD, the decrease in Ka
reflects both a∼3.5-fold lower on-rate and a∼2-fold higher
off-rate, relative to TFAMWT. The values forKa, kon and koff
(obtained for -DNA in 10 mM Tris–HCl pH 7.6 with 25
mMNaCl) for the three TFAM variants are summarized in
Table 1.
TFAMSSDD exhibits increased 1D diffusion
TFAMWT has been shown previously to exhibit relatively
rapid 1D diffusion on dsDNA (17), whereby it moves ran-
domly back and forth along the DNA with a measured dif-
fusion constant of (8.6 ± 0.5) 104 nm2s−1. The diffusion
of TFAMWT on DNA is salt-independent, indicating that
it proceeds via a sliding, rather than a hoping or jumping
mechanism (17). It has been suggested that this behavior
facilitates cooperative binding of the protein and provides a
mechanism to search for promoter sites onmtDNA (17,18).
In light of this, we next set out to determine if the phospho-
serine or acetyl-lysine mimics exhibit different 1D sliding
dynamics on DNA relative to TFAMWT.
Using a combination of optical tweezers, fluorescence
microscopy and microfluidics, monomers of alexa-555-
labeled TFAM bound to dsDNA were visually tracked
with nanometer precision in real time. Illustrative fluores-
cence images for TFAMWT on DNA are presented in Fig-
ure 5A. For all three TFAM variants, their motion on ds-
DNA is well described by a linear mean-squared displace-
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ment (MSD) as a function of time, consistent with free 1D
diffusion (Supplementary Figure S7). A linear fit to such
data provides the associated diffusion constant (D). As Fig-
ure 5B highlights, TFAMSSDD is found to diffuse ∼6.5-
fold and ∼4.5-fold faster on dsDNA than TFAMWT and
TFAMK4Q4, respectively. The faster diffusion on dsDNA,
together with the increased unbinding rate (koff) measured
for TFAMSSDD, relative to the other TFAM variants, sug-
gests that phosphorylation results in a less stable binding
of TFAM to DNA than in either wild-type or acetylated
TFAM.
DISCUSSION
In this study, we have explored the effects of phosphoryla-
tion and acetylation on the ability of TFAM to bind, com-
pact and diffuse on non-specific DNA by analysing site-
specific phosphoserine and acetyl-lysine mimics of TFAM
using bulk (MST) and single-molecule (optical tweezers)
methods. Our results are summarized in Table 1. Both ap-
proaches demonstrated that the DNA binding affinity of
TFAMSSDD and TFAMK4Q4 is significantly lower than that
of TFAMWT. In the case of TFAMWT, the DNA binding
affinities determined here are consistent with those reported
previously using the respective methods (17,22,28,31,45).
We note that bulk and single-molecule studies derived dif-
ferent absolute binding affinity values for each species, in-
dependent of the ionic strength and buffer conditions used
(Supplementary Figure S3 and Table S1). This difference is
most likely attributed to the different DNA molecules em-
ployed. Single-molecule experiments used -DNA (∼48.5
kb), which permitted direct comparisons with previous op-
tical tweezers studies of TFAMWT (17,25). In contrast,
MST experiments employed short (∼20 bp) DNA oligonu-
cleotides, as used for prior bulk kinetic studies of TFAMWT
as well as for the crystal structures of TFAM with specific
and non-specific DNA (22,27–29,31,45).
Previous work has shown that TFAM phosphorylation
withinHMG1 at serines 55/56, as well as the phosphoserine
mimic TFAMSSDD, is associated with impaired DNA bind-
ing (35). However, those studies did not address whether
HMG1 phosphorylation blocks TFAM binding to DNA,
or whether it promotes TFAM release from DNA. In this
study, our unique single-molecule approach enables us to
distinguish between these possibilities, both in the case of
TFAMSSDD and TFAMK4Q4. In this way, we reveal that
the lower DNA binding affinity displayed by TFAMK4Q4 is
largely explained by a reduced on-rate, while for TFAMSSDD
it results from both a∼3.5-fold lower on-rate and a∼2-fold
higher off-rate. Thus, these two PTMs induce a lower DNA
binding affinity via distinct kinetic mechanisms. Phospho-
rylation of serine residues introduces a negative charge and
adds steric bulk, which likely causes electrostatic repulsion
with the phosphate backbone of DNA. Acetylation of ly-
sine residues, meanwhile, neutralizes the positive charge of
its side chains while also adding steric bulk, thereby dis-
rupting the electrostatic interaction with the DNA back-
bone. Such PTMs can substantially reduce DNA binding
affinity (46), and thus explain why the on-rate is reduced
for both TFAMSSDD and TFAMK4Q4, relative to the wild-
type protein. However, the greater electrostatic repulsion
due to phosphorylation may account for the increased off-
rate of TFAMSSDD, relative to that of both TFAMWT and
TFAMK4Q4.
We note that our data provide evidence that the unbind-
ing rate of TFAM from sequence non-specific DNA can
sometimes deviate slightly from a mono-exponential decay
(Figure 4B). This observation suggests that there are at least
two intrinsic dissociation rates for TFAM–DNA disassem-
bly. Previous work has suggested that TFAMbinds toDNA
as amonomer and forms dimers (31,47). Thus a possible ex-
planation for the deviation from a mono-exponential decay
is that the protein can dissociate from the DNA as either a
monomer, dimer or even multimer. This might be expected
given the cooperativity associated with TFAM–DNA bind-
ing shown here and previously (17). In support of this, the
deviation from a mono-exponential function appears to be
most apparent when the initial TFAM coverage on DNA
is high (Supplementary Figure S5). The observed decay be-
havior could additionally reflect, in part at least, a longer
timescale electrostatic binding component, as has been ob-
served for other HMGB proteins (48).
TFAMWT has been shown to diffuse rapidly on dsDNA,
and to form stable patches upon colliding (17). This likely
enables TFAM to accomplish its key roles in compaction
and transcription of the mitochondrial genome at the same
time. Proteins can diffuse on dsDNA non-specifically by
sliding parallel to the DNA axis, or by following the helical
contour of the nucleic acid backbone (known as rotation-
coupled diffusion). The maximum rate of rotation-coupled
diffusion (due to Brownian motion) is thus intrinsically
lower than for parallel diffusion. Since TFAM is thought
to interact (in part at least) by intercalation into the mi-
nor groove of DNA (27,29,31), we anticipate that it exhibits
rotation-coupled diffusion. Blainey et al. (49) have devel-
oped a model to predict the maximum speed for rotation-
coupled diffusion, based on the size of the protein. With
reference to this model, and by imaging the fluorescence
from monomers of alexa-555-TFAM sliding along -DNA
(Figure 5), we conclude that the diffusion constants for
TFAMWT and TFAMK4Q4, while rapid, are both ∼6.5 and
∼4.5 times lower, respectively, than the maximum permit-
ted for rotation-coupled diffusion. In contrast, the rate of
TFAMSSDD diffusion is close to the limit for such behavior.
Similar to its increase in off-rate, we relate the faster diffu-
sion of TFAMSSDD onDNA to its weaker contact due to the
presence of negative charges introduced at serine residues
S55 and S56.
We envisage that enhanced sliding of phosphorylated
TFAM on mtDNA provides a mechanism for fine-tuning
its displacement during mtDNA replication, transcrip-
tion and mt-nucleoid organization. Enhanced sliding may
also facilitate promoter scanning. Here, one could imagine
that phosphorylated TFAM activates transcription by de-
compacting the mt-nucleoid, as well as accelerating TFAM
binding at promoters. Further studies are required to deter-
mine whether phosphorylated TFAM interacts with non-
phosphorylated TFAM to boost promoter scanning and
transcription, and whether there are phosphatases that de-
phosphorylate TFAM, thereby providing another level of
regulating mtDNA dynamics. It is also possible that phos-
phorylated TFAMorDNA-free TFAM is able to evade pro-
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teolysis (by mitochondrial Lon) by interacting with other
proteins, or by additional post-translational modifications,
which confer stability. This may explain recent findings
showing that TFAM is stable in mice with a conditional
cardiac knockout of mtRNAP, which have substantially de-
pleted mtDNA (50).
The mechanisms by which TFAM can compact mtDNA
have attracted much debate in recent years (17,22,26–32).
Force-extension analysis of TFAMWT bound to dsDNA
has shown that the protein decreases the DNA persistence
length significantly (from ∼50 to ∼4 nm) (17). Meanwhile,
application of high tensions (> 65 pN) fails to induce dis-
sociation of the protein from the DNA (17). These obser-
vations are inconsistent with a mechanism of compaction
exclusively involving the formation of loops or U-turns in
the DNA (which would be expected to decrease the con-
tour length and dissociate under high tension). Instead, the
above observations have been attributed to TFAM-induced
local melting of the DNA, described as the flexible-hinge
mechanism and reminiscent of other non-histone architec-
tural proteins (such as HU) (17,51,52). This does not im-
ply that DNA looping or other mechanisms cannot addi-
tionally play a role in mtDNA compaction, particularly at
lower tensions; however, it does indicate that the flexible-
hinge mechanism is a fundamental part of the process. The
current work shows that, importantly, the phosphoserine
and acetyl-lysine mimics of TFAM do not alter this essen-
tial mechanism for DNA compaction. This is substanti-
ated by our observations that TFAMWT, TFAMSSDD and
TFAMK4Q4 all bind in an equally (positive) cooperative
manner. While the phosphoserine and acetyl-lysine mim-
ics studied here do not alter the mechanism of DNA com-
paction, they do change the number of TFAM proteins re-
quired to achieve a given extent of compaction. We thus
propose that the lower DNA binding affinities associated
with phosphorylated and acetylated TFAM may, together
with Lon degradation of modified TFAM, orchestrate cy-
cles of discrete or en masse TFAM–DNA unbinding in vivo,
which can in turn tune the level of DNA compaction and re-
organize the structure of the mitochondrial genome. Taken
together, our findings indicate a mechanistic basis for how
phosphorylation and acetylation of TFAM could be ex-
ploited in vivo to regulate its diverse and essential functions
in mtDNA dynamics.
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